[1] Application of an astronomical age model to a bulk carbonate oxygen isotope record in the Ras il Pellegrin section on Malta indicates that the major step in the middle Miocene global cooling (13.82 Ma ± 0.03) coincides with minimum eccentricity values associated with the 400-kyr cycle and minimum obliquity amplitudes associated with the 1.2-Myr cycle. This orbital configuration is very similar to that found for comparable oxygen isotope enrichment events in the late Paleogene and Neogene. The stepwise character of the middle Miocene cooling event appears to be controlled by the combined influence of the 100-kyr eccentricity cycle and the 172-kyr cycle in obliquity amplitude. The integrated stratigraphy further allows extension of the astronomical polarity timescale to the top of chron C5ACn. The boundary between the Globigerina Limestone and the Blue Clay Formation coincides with the major step in middle Miocene global cooling and provides a level suitable for placing the physical reference point for the Langhian/Serravallian boundary.
Introduction
[2] Following the Miocene climate optimum between 16 and 14.5 Ma the middle Miocene global cooling at around 14 Ma represents a next important step in the evolution of Cenozoic climate. The climate change did go along with changes in ocean circulation and floral and faunal distribution, with an increase in the meridional temperature gradient, and with the permanent installation of a larger East Antarctic Ice Sheet [see Flower and Kennett, 1994] .
[3] The cause of the middle Miocene cooling has been ascribed to increased weathering of silicate rocks due to uplift in the Himalayan-Tibetan region [e.g., Raymo and Ruddiman, 1992] and to increased burial of organic carbon [e.g., Vincent and Berger, 1985] , both leading to the withdrawal of CO 2 from the atmosphere and hence a reduction of the greenhouse capacity. However, available pCO 2 reconstructions based on different proxies do not show convincing evidence for lower atmospheric CO 2 values after or during middle Miocene cooling [Pagani et al., 1999; Pearson and Palmer, 2000; Royer et al., 2001] . Further, changes in ocean circulation patterns, for example, due to tectonic closure of basins, may have increased moisture transport or reduced heat transport to the Antarctic region .
[4] Additionally, orbital parameters and especially longperiod variations in obliquity amplitude may have played an important role in Cenozoic climate change by punctuating longer-term trends or by positive feedback mechanisms that pushed climate into a new state. The influence of longperiod orbital cycles as put forward by authors [e.g., Lourens and Hilgen, 1997] is now held responsible for various climate steps in the late Paleogene and Neogene periods [Turco et al., 2001; Zachos et al., 2001; Wade and Pälike, 2004] . To determine the possible role of long-period orbital forcing on the middle Miocene cooling it is necessary to develop high-resolution astronomical age models for climate proxy records across the critical time interval. Increased ice volume and lowered ocean temperatures during the middle Miocene are particularly evident from open ocean benthic oxygen isotope records. The most prominent enrichment events around 14 Ma have been labeled Mi3a and Mi3b [Miller et al., 1991 [Miller et al., , 1996 and E1, E2, and E3 [Woodruff and Savin, 1991; Flower and Kennett, 1993] . The middle Miocene cooling is clearly characterized by a first relatively small step at $14.2 Ma (Mi3a and E1 or E2) and a second major step at $13.8 Ma (Mi3b and E3) [see also . The second step is associated with a shift to heavier d
13 C values in benthic foraminiferal carbonate and labeled CM6 [Woodruff and Savin, 1991] . The age control of these stable isotope records however is not good enough to examine the possible role of long-period astronomical forcing in triggering middle Miocene global cooling. Independent dating by astronomical tuning of records across the middle Miocene climate transition is needed [see also Westerhold et al., 2005] .
[5] One of the few places where the middle Miocene climate transition can be studied in continuous marine successions on land is on Malta and Gozo located in the central Mediterranean (Figure 1 ). Earlier studies on these islands have shown that the major middle Miocene isotopic enrichment event (Mi3b, E3, CM6; $13.8 Ma) coincides with the transition from the Globigerina Limestone to the Blue Clay Formation [Jacobs et al., 1996; John et al., 2003] and that the cyclically bedded Blue Clay is potentially suitable for astronomical dating John et al., 2003] . However, the tuned ages of Sprovieri et al. [2002] for calcareous plankton events in the middle and upper part of the Blue Clay Formation are significantly younger than tuned ages for the same bioevents in the timeequivalent Monte dei Corvi and Tremiti sections [Hilgen et al., 2003] . We therefore decided to independently establish an integrated stratigraphy and astronomical tuning for the uppermost part of the Globigerina Limestone, and the lower and middle part of the Blue Clay Formation on Malta, using high-resolution biostratigraphic correlations to the welltuned Monte dei Corvi and Tremiti sections as a starting point. In addition, we established a bulk isotope record to locate the position of the major middle Miocene global cooling step and associated events.
Geological Setting, Section, and Lithology
[6] The sediments of the Globigerina Limestone and Blue Clay Formation on Malta and Gozo were deposited in the Maltese Graben System, a series of Miocene-Quaternary extensional basins that developed on the African foreland of the Sicilian Apennine-Maghrebian fold and thrust belt [De Visser, 1991; Dart et al., 1993] . The sedimentary succession exposed on Malta and Gozo consists of five different formations: Lower Coralline Limestone (late Oligocene), Globigerina Limestone (Aquitanian-Langhian), Blue Clay (Serravallian), Greensand (Serravallian-Tortonian), and Upper Coralline Limestone (Tortonian) [Felix, 1973] . All boundaries are conformable except for the contact between the Greensand and the Upper Coralline Limestone Formation. Sediments of the Globigerina Limestone and Blue Clay were deposited in a low-energy, open marine environment. Paleobathymetric estimates point to a depth of around 500-600 m for the Globigerina Limestone and the Blue Clay [Bonaduce and Barra, 2002; Bellanca et al., 2002] . Benthic foraminiferal and clay mineral [De Visser, 1991; John et al., 2003 ] studies of the Globigerina Limestone and the Blue Clay suggest overall lower bottom water oxygen levels, more humid climate conditions, and more intense continental weathering during the deposition of the Blue Clay.
[7] The Ras il Pellegrin section (RIP), exposed along the Fomm Ir-Rih Bay on the west coast of Malta (Figures 1 and 2) , covers the middle Globigerina Limestone up to the Upper Coralline Limestone Formation and was selected because of its excellent exposures and its distinct sedimentary cycles. A total number of 540 samples were taken from the top part of the Globigerina Limestone up to and including the middle part of the Blue Clay, measuring in total 48.5 m with an average sample distance of 9 cm. A transitional bed separates the yellowish marly limestones of the Globigerina Limestone from the grey clayey marls of the Blue Clay. No indications of erosion or deformation were found at the formation boundary. The measured section ends 20 m below the Greensand Formation and largely overlaps with the nearby Ras il Pellegrin A section studied by an Italian research team Bonaduce and Barra, 2002; Sprovieri et al., 2002] . The Blue Clay at Ras il Pellegrin shows a very distinct and characteristic pattern of homogeneous grey and white colored marls (Figure 2 ). The presence of two sapropels and several levels with chondrite trace fossils [Bromey, 1990] point to occasional anoxic or dysoxic bottom water conditions. The sapropels and chondrite trace fossils occur in the grey marl beds. Finally, volcanic minerals found in residues around 40.45 m point to an ashfall in the younger part of the Blue Clay.
Cyclostratigraphy
[8] In the lower and middle part of the Blue Clay we distinguished six whitish colored marly intervals, numbered I to VI in Figure 3 . These intervals, separated by intervals dominated by grey marls, correspond to the large-scale cyclicity recognized in the Blue Clay by Sprovieri et al. [2002] and John et al. [2003] . The small-scale cyclicity is less easy to distinguish in the field [see also Sprovieri et al., 2002] . Rather arbitrarily, we define a small-scale cycle to consist of a greyish marl bed at the base followed by a whitish marl at the top. The Blue Clay part of the studied section contains 44 small-scale cycles that can be recognized in the field and have been labeled I.1 to VI.16 as subdivision of the larger scale intervals (Figure 3 ).
[9] Discrimination of small-scale cycles is particularly difficult in interval VI. The calcium and potassium content in the samples was measured using ICP-OES to obtain a quantitative measure of the lithology and hence the cyclicity (Figure 3 ). (The 540 samples were taken at an average distance of 9 cm. A part of each sample was dried, crushed, powdered and homogenized. 125 mg of each sample was subsequently dissolved in 2.5 mL HF (40%) and 2.5 mL mixing acid (HNO 3 (16.25%) and HClO 4 (45.5%)) and heated at 90°C in a closed tube for at least 8 hours. Then the sample was dried by evaporating the acids at 160°C and dissolved in 25 ml HNO 3 (4.5%). These solutions were analyzed by a Perkin Elmer Optima 3000 ICP-OES apparatus, at Utrecht University, for the elements Al, Ba, Ca, Ce, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Na, Ni, P, S, Sc, Sr, Ti, V, Y and Zn. The relative errors in duplicate measurements of international standards was for all elements lower than 3%, except for Ce, Co, P and S, Sr and Y. Results were checked and where needed refined by making use of international standards (ise-921) and Utrecht University in-house standards (SO-1).) Ca mainly reflects the (calcium)carbonate content, because multiplying the Ca value by 2.496, assuming that all Ca is derived from carbonate, yields an average CaCO 3 -content for the Blue Clay in the RIP section of 23.9%, which is in agreement with CaCO 3 values measured by Sprovieri et al. [2002] and John et al. [2003] , who used different methods than ICP-OES. Ca and K showed a strong inverse relation (95%) and the Ca/K ratio was selected to reduce noise in the individual records (Figure 3) . The largescale cycles, observed in the field, are prominently visible in the Ca/K record ( Figure 3 ). The 44 small-scale lithological cycles distinguished in the field are recognizable in this record as well, although small offsets between lithology and chemical records occur especially in interval V and VI. Blackman-Tukey spectral analysis revealed distinct peaks in the depth domain (Figure 4a ), which correspond to cycle thicknesses of $5.5 and 3.5 m. In addition, several peaks are present in the higher-frequency part of the spectrum and correspond to cycle thicknesses between 0.6 and 2.4 m. Band-pass filters were applied to better visualize the smaller-scale cyclicity in the Ca/K record. The 0.6-2.4 m filter includes all peaks in the higher-frequency domain. The 0.6-1.05 m filter extracts cycles with thicknesses similar to that of the small-scale cycles observed in the field. The latter filter indeed shows a strong relation with these small- scale cycles and reveals the presence of 8 additional cycles, most of them in interval VI. Small-scale cycles were subsequently numbered based on successive minima in the (filtered) Ca/K record.
Oxygen and Carbon Isotope Record
[10] Our oxygen and carbon isotope record ( Figure 3 ) based on bulk sediment for the uppermost Globigerina Limestone and the Blue Clay Formation in the Ras il Pellegrin section reveals a 0.6 % increase in d
18 O and a 1.25% increase in d 13 C at the boundary between the Globigerina Limestone and Blue Clay. (Bulk isotope data were generated on dried crushed bulk sediment on a SIRA-24 of VG (vacuum generators), at Utrecht University. Results, in per mil (%) relative to the Peedee Belemnite standard, were checked by making use of international (Naxos 45 -125 um, validated with NBS-18 and 19) and Utrecht University in-house standards (IAEA-CO-1), and by duplicate measurements of the Naxos standard every eight samples. Relative error in duplicate measurements was lower than 2%.) A 21-point moving average was applied to the isotope records to better visualize the long-term variations. In the lower part of the Blue Clay, both d
18 O and d 13 C reach heavier values in the clay-rich intervals. From interval IV upward the smoothed records show less prominent longterm variations in amplitude and are also less consistent with lithology.
Magnetostratigraphy
[11] A standard paleomagnetic core was drilled at each sample site, with an average sample distance of 9 cm. (One of each two cores was stepwise thermally demagnetized with temperature steps of 20°or 30°C, in a laboratory-built shielded furnace. The other core was treated by stepwise [Paillard et al., 1996] . All spectra are based on records from bed I.1 upward to avoid disturbance from the Globigerina Limestone in the statistical analysis. The three spectra (r, s, and t) of Ca/K-records in time domain (Figure 4b ) result from the application of three age models to the Ca/K record in depth domain. These age models are based on (r) astronomical ages of 10 correlated bioevents, (s) the ages for bioevents 2, 4, 7, and 9, and (t) tuning of the Ca/K record to precession. The 90% confidence intervals are shown in the upper right corner of each spectrum. Plots on the right are enlargements of the left plots.
alternating field demagnetization with steps of 5 mT at low applied magnetic fields to 50 mT at high magnetic fields. The natural remanent magnetization (NRM) was measured after each step on a 2G Enterprises DC Squid cryogenic magnetometer, at paleomagnetic laboratory ''Fort Hoofddijk,'' Utrecht University.) Intervals that were found to contain a reversal were resampled in more detail to better constrain their stratigraphic position.
[12] The NRM intensity of the samples from the Globigerina Limestone was very weak (0.04 mA/m) and no reliable polarities could be obtained. The Blue Clay showed much higher intensities (up to 125 mA/m). Demagnetization diagrams reveal a clear subdivision into two components, with a break at 260°C and 50 mT. In all samples, the lowtemperature, low-field component is of normal polarity. We assume that this component represents viscous magnetite induced by the present-day field, which normally has an unblocking temperature of $260°C. The high-temperature/ high-field component is of dual polarity and we interpreted this as the primary signal, the so-called characteristic remanent magnetization (ChRM). Many samples showed an increase in intensity at temperatures higher than 400°C, indicating a conversion of iron sulphides into iron oxides. Strong samples (>10 mA/m) do not show the intensity increase at 400°C and their Zijderveld diagram can be interpreted up to 600°C.
[13] Samples classified as reliable have an NRM intensity higher than 0.1 mA/m at 270°C (or 50 mT) and a clear normal or reversed component in the interval from 270°C to 400°C (or 50 mT to 100 mT). Examples are shown in Figures 5a -5d. Other samples (60%) were considered unreliable (examples shown in Figures 5e and 5f ). This procedure resulted in a magnetostratigraphic polarity pattern with four normal and three reversed intervals ( Figure 6 ). The position of four of the six reversals could be very accurately determined. The upper part of the reversed interval at around 25 m contains an interval of uncertain polarity, mainly because of white marls that contain low magnetic intensity. Further, the precise position of the reversal at around 10 m is uncertain. The uppermost part of the section is also considered ambiguous because of an alternation of samples revealing weak reversed polarity with samples revealing normal ChRM. The open dots in the latter interval represent samples showing reversed components in ABELS ET AL.: ORBITAL CONTROL ON MID-MIOCENE GLOBAL COOLING the demagnetization interval between 270°and 400°C. Because of the low intensities (<0.1 mA/m) of these samples they are not included as reversed samples.
Biostratigraphy
[14] Initially, every other sample was examined for planktonic foraminiferal biostratigraphy. Later, all samples were counted around bioevents. Countings are based on the number of a specific taxon in nine fields with a maximum of 20 specimens using a rectangular picking tray of 45 fields. The counts are shown as number per field in Figure 7a .
[15] Comparison of our biostratigraphic data with those from DSDP 372 E. Turco et al., unpublished data, 2004] reveals that the formation boundary does not contain a major hiatus and is most likely continuous. This is consistent with our field observations.
[16] The pattern of Paragloborotalia siakensis and Globorotalia partimlabiata in the RIP section reveals that the section is grossly time-equivalent with the Tremiti section and the lower part of the Monte dei Corvi section in Italy [Hilgen et al., 2003] , which is confirmed by the LCO of calcareous nannofossil Sphenolithus heteromorphus in the Tremiti and RIP sections. The importance of the time equivalency of these three sections is that it allows us to import astronomical ages from the well-tuned Tremiti and Monte dei Corvi sections to the RIP section using detailed biostratigraphy. Unfortunately, the poor preservation of the planktonic foraminifers in Monte dei Corvi precludes a detailed biostratigraphic comparison with the RIP section, while the excellent preservation in Tremiti makes such a comparison possible. For that reason the same biostratigraphic procedure as used in the RIP section has been carried out on the Tremiti section with the same high resolution (Figure 7b ).
[17] Although the semiquantitative patterns of the selected taxa in both sections are grossly similar, several of the prominent short-term changes are absent in one section or show a different amplitude. This can among others be explained by differences in the relative number of planktonic foraminifers between both sections (e.g., due to differences in P/B ratio between both sections), by hydrographic differences between both locations, or by the fact that the time-equivalent level was not always exactly sampled. Yet we need individual prominent short-term frequency changes to correlate both sections on the small-scale cycle level.
[18] After carefully scrutinizing the patterns we selected 10 of the prominent, short-term abundancy changes to calibrate Tremiti to the RIP section (marked 1 to 10 in Figures 7a and 7b) . These 10 bioevents are codefined by the position of other (less) well-marked frequency changes. For example, the choice of bioevent 3 is codefined by the position of the short-term acme of P. siakensis, bioevents 4, 5, and 6 are codefined by the position of the paracme top of P. siakensis, and bioevent 8 is codefined by the prominent bioevent 7 below and the first spike of the G. menardii group above.
Astronomical Tuning
[19] Independent orbital tuning of a section can only be established by recognizing characteristic patterns of astronomical forcing in lithology and other proxies. Unfortunately, the various patterns in the Ras il Pellegrin (RIP) section do not provide sufficient characteristic details that would allow an independent tuning. Therefore we used astronomical ages of 10 bioevents (see section 6) in the Tremiti section as a first-order age control on the RIP section.
[20] The Tremiti section contains deep marine sediments that basically show a regular alternation of indurated, whitish colored, carbonate-rich marls and less-indurated, greyish, carbonate-poor marls. Reddish layers occur regularly within the whitish indurated marls. The pattern of these reddish layers shows a striking resemblance with the sapropel pattern at Monte dei Corvi [Hilgen et al., 2003] indicating that the red layers of Tremiti are the equivalent of sapropels. The cyclostratigraphic correlations between the two sections are consistent with planktonic foraminiferal biostratigraphic data. Hence it is safe to assume that the same phase relationships between the sapropels and orbital parameters, i.e., individual sapropels correspond to precession minima and clusters to eccentricity maxima, are also valid for the reddish layers at Tremiti. Using these phase relationships, the Tremiti section can be tuned to precession (Figure 8) . The resulting age model provides astronomical ages for the bioevents in the Tremiti section (Figure 7b ). The astronomical tuning of the Tremiti section will be discussed in more detail in a future paper.
[21] The astronomical ages of the 10 selected bioevents (see section 6) were exported from the Tremiti to the RIP section, which seems justified because both sections are located in the central Mediterranean Sea (Figure 1 ). The correlated bioevents in the RIP section are used as age calibration points for the astronomical tuning of the section.
[22] This first-order age control (Figure 8 , solid lines) indicates that the distinct white part of intervals III, IV, and V correspond to eccentricity minima. However, the white part of intervals I and II do not directly correlate with eccentricity minima according to this age model. The age model further indicates that the small-scale cycles in the RIP section are precession controlled, because the number of small-scale cycles based on the combination of lithology and the Ca/K record agrees well with the number of precessional cycles in the astronomical curves between the biostratigraphically controlled age calibration points. Blackman-Tukey spectral analysis was applied on the resulting Ca/K time series. The spectrum reveals power at the astronomical frequencies (Figure 4b ), but is less convincing Figure 7 . Semiquantitative abundance patterns for selected planktonic foraminiferal species and of the calcareous nannofossil Sphenolithus heteromorphus in the (a) Ras il Pellegrin section and (b) Tremiti section. No data means that the species has not been counted in that particular interval. Numbers (1-10) refer to specific events within the abundance patterns used for correlation between the Tremiti and the Ras il Pellegrin section. if all 10 calibration points were used to generate the time series. This noisy behavior of the spectrum is probably due to the close spacing of the bioevents in combination with remaining small uncertainties in the position and, hence, age of the bioevents at Tremiti and RIP. Considerably improved spectra were generated using only 4, arbitrarily selected, widely spaced bioevents as calibration points. One of these almost identical spectra is shown in Figure 4b .
[23] For detailed tuning of the Ras il Pellegrin section to precession we need to know the phase relation between the small-scale cycles and precession. Unfortunately, the detailed biostratigraphic correlations between RIP and Tremiti section do not provide a unique solution.
[24] The two sapropels and the presence of chondrite trace fossils at RIP point to periodically anoxic or suboxic conditions during deposition. These sapropels and chondrite beds are almost invariably associated with Ca/K minima and thus with the clayey marl beds (see Figure 3) . The basic small-scale cycle in other middle to late Miocene deep marine sections in the Mediterranean consists of an indurated whitish colored carbonate-rich marl and a softer grey colored carbonate-poor marl. Sapropels, and equivalent reddish layers at Tremiti, develop within the whitish marl when minimum precession forcing is strong enough [see Hilgen et al., 2003] . However, occasionally, the part of the whitish marl bed directly underlying or overlying the sapropel lacks sedimentary expression or is not developed [Hilgen et al., 2003] . As a consequence, the position of the sapropels/chondrite levels in the RIP section does not provide conclusive arguments for the phase relation of the basic small-scale cycle to precession. Nevertheless, for the moment we assume that the sapropels/chondrite levels correspond to precession minima and hence that also Ca/K minima (and thus grey marl beds) correspond to precession minima and summer insolation maxima. The possibility of an opposite phase relation implies an age uncertainty for the tuned records of at least half a precession cycle.
[25] Furthermore, the relationship between some of the geochemical proxies on the small-scale cycle scale is not always consistent throughout the section. Confirmation about the inferred phase relation may come from future detailed stable isotope measurements on benthic and planktonic foraminifera and quantitative counts of specific planktonic foraminiferal species.
[26] From the lowermost age calibration point, the last common occurrence of S. heteromorphus, toward the base of the Blue Clay at RIP the tuning is based on correlating each successive small-scale cycle to successively older precession cycles, apart from the extra thick cycle I.5 that is assumed to contain an extra cycle, as evident from the d 13 C record (Figure 8 ). This downward extension of the tuning may result in an additional age uncertainty of one precession cycle for the tuning of the lowermost part of the Blue Clay Formation. When combined with the uncertainty in the phase relation with precession this would amount to a total uncertainty of 30 kyr. The entire tuning has not been adjusted to better fit characteristic patterns in the astronomical forcing especially related to precession-obliquity interference, because (1) the phase relation between small-scale cycles and precession needs further confirmation and (2) it is not known which astronomical solution should be used for this time interval in terms of tidal dissipation and dynamical ellipticity values [see Lourens et al., 2001; Hilgen et al., 2003] . Nevertheless, applying Blackman Tukey spectral analysis on the tuned Ca/K time series (Figure 4b ) resolves the spectral peaks in the precession and obliquity domain much better than in the Blackman Tukey spectra of the age series based on the astronomical ages for bioevents (Figure 4b ). However, it should be realized that this improvement is partly a consequence of the tuning itself.
[27] Our tuning of the Blue Clay succession on Malta significantly deviates from the tuning proposed by Sprovieri et al. [2002] , because they use incorrect astronomical ages for selected bioevents as starting point for their tuning [Hilgen et al., 2003] . Moreover, a poor coherency exists between their CaCO 3 -and Globigerinoides spp. records, while the small-scale cycles are not recorded in a consistent way in the lithology and these proxies. Nevertheless, quantitative counts of the warm water planktonic foraminiferal group of Globigerinoides spp. in the Ras il Pellegrin section show lower amplitude variations in the carbonaterich parts of intervals III and IV, thereby confirming that these intervals correspond to eccentricity minima [see also Sprovieri et al., 2002] .
Discussion
[28] The magnetostratigraphy can now be calibrated to the CK95 or ATNTS2004 timescales (Figure 6 ) confirming the ambiguous nature of the magnetostratigraphy in the uppermost part of Ras il Pellegrin. The tuning provides accurate astronomical ages for five magnetic reversals, thereby extending the astronomical polarity timescale (APTS) based on Mediterranean successions (Table 1) . There is an interval of uncertain polarity in the upper part of chron C5AAr, although the reversal (R > N) above this interval is very clear. The stratigraphic position, including uncertainty intervals, of the reversals are given in Table 1 . Discrepancies exist in the age and duration of all (sub)chrons between the tuned age model of RIP, the ATNTS2004 and CK95 timescales (Table 1) . Confirmation of the newly extended APTS by independently tuned magnetostratigraphies is therefore needed.
[29] The tuning of the RIP confirms that the formation boundary between the Globigerina Limestone and the Blue Clay Formation and the oxygen and carbon isotope shift at this boundary most probably correspond to the second and major step (Mi3b; CM6) in middle Miocene global cooling. This major isotope enrichment event is now astronomically dated at 13.82 ± 0.03 Ma and coincides with a period of minimum amplitudes in obliquity related to the 1.2-Myr cycle and minimum values of eccentricity as part of both the 400-and 100-kyr cycle. This coincidence is very similar to the orbital configuration found for prominent oxygen isotope excursions to heavier values just below the OligoceneMiocene boundary at 23.13 Ma (Mi-1 [Zachos et al., 2001; Billups et al., 2004] ) and for two excursions at 10.4 and 11.4 Ma (Mi-6 and Mi-5 [Turco et al., 2001] ). A similar orbital configuration during glacial peak excursions has recently been found in the Oligocene [Wade and Pälike, 2004] .
[30] The connection between late Cenozoic oxygen isotope excursions and periods of minimum variations in obliquity and precession amplitudes suggests that the 1.2-Myr obliquity cycle and the 100-and 400-kyr eccentricity cycle exerted a prominent control on the factors controlling the size of the Antarctic ice sheet. Most likely, the reduced amplitudes of obliquity and precession (i.e., at times of eccentricity minima) would have prevented significant melting of the ice sheet during the warmer summers at times of obliquity and precession maxima. After the middle Miocene cooling event, the isotope values do not return to values from before that time. This suggests that this peculiar orbital configuration was superimposed on a long-term cooling trend, thereby pushing the climatic system into a colder mode. Vincent and Berger [1985] suggest that atmospheric CO 2 drawdown already started before the middle Miocene, while the cooling step took place at the moment that a threshold was reached. However, several climate proxy records reveal a climate deterioration already from 15 to 14.5 Ma on [e.g., Miller et al., 1991; . A climate modeling study of DeConto and Pollard [2003] using a general circulation model, with coupled components for atmosphere, ocean, ice sheet, and sediment, showed that declining Cenozoic atmospheric CO 2 only leads to large ice caps when a threshold is crossed. These ice caps furthermore show large orbital variations in much the same way as the late Cenozoic ice sheets on the Northern Hemisphere.
[31] To better depict the long-period influence of eccentricity, as amplitude modulator of precession, and the amplitude modulation of obliquity, the bulk isotope records are compared with a target curve (EOA in Figure 9 ) that combines eccentricity (E) with obliquity amplitude (OA) variations. The EOA curve is the sum of the standardized eccentricity curve and the 100-to 2500-kyr band-pass filter of the positively clipped standardized obliquity curve that describes the envelope of obliquity maxima. We used this envelope because low maxima result in cooler summers at high latitudes that prevent melting and are responsible for substantial ice sheet growth.
[32] The actual major middle Miocene cooling step lags the beginning of the period of minimum amplitude variations in obliquity with approximately 40 kyr and the minimum values in the EOA curve with approximately 20 kyr. The latter difference results from the additional influence of eccentricity in the EOA curve. The age uncertainty of 30 kyr for the tuned ages in the lowermost part of Uncertainty in the astronomical age is based on the uncertainty in the stratigraphic position of the reversals and an additional uncertainty of half a precession cycle due to the possibility of an opposite small-scale phase relation (see text for discussion on age uncertainties). Reversal ages and (sub)chron durations are compared with the ATNTS2004 and CK95 timescales and differences are shown. ''Young'' (''old'') indicates upper (lower) limit of that specific normal chron. Figure 9 . Magnetic polarity timescale of the ATNTS2004, precession and its amplitude modulator eccentricity, obliquity, and its amplitude modulator, the EOA target curve (see running text), the magnetostratigraphy of the section, the tuned bulk carbonate isotope time series of Ras il Pellegrin, and the correlation of the bulk isotope stratigraphy to benthos isotope records of Deep Sea Drilling Program (DSDP) Site 588A [Flower and Kennett, 1993] and DSDP Site 747 [Wright and Miller, 1992] . The latter two isotope series are given in the depth domain. The age scale to the left of each record has been derived using linear interpolation and extrapolation of sedimentation rates between and beyond selected magnetic reversals, with ATNTS2004 ages of the selected reversals indicated next to the magnetostratigraphy. Isotope events are labeled following Flower and Kennett [1993] and Miller et al. [1996] . the section is too large to discuss the relationship between the cooling step and the fundamental cycles of precession and obliquity (i.e., 21 and 41 kyr, respectively) in detail. Therefore conclusions can only be drawn concerning the influence of the longer-term modulating cycles of precession and obliquity.
[33] investigated the astronomical configuration at times of the middle Miocene climate transition in the South Tasman Rise. Their oxygen isotope record of the benthic foraminifer Cibicidoides mundulus reveals a clear picture of the middle Miocene climate transition with the major step toward heavier oxygen isotopes (Mi3b) at around 13.85 Ma, while their Mg/Caderived planktonic SST curve shows a gradual stepwise decrease of temperatures starting at around 14.1 Ma. The timing of the major step in middle Miocene global cooling is consistent with our results, although their age model is based on ages of Berggren et al. [1995] for bio-, magneto-, and isotope-events . The almost identical ages result from the minor discrepancies between the CK95 and astronomical ages for reversal boundaries in this interval (Table 1) . were not able to observe a relation between changes in their isotope record and eccentricity due to a lack of cyclostratigraphic control and the absence of an APTS at that time. Moreover, they did not observe a link with the 1.2-Myr obliquity cycle, because their astronomical target curve lacks expression of the distinct 1.2-Myr minimum in obliquity amplitude in this interval. This is rather surprising because they used La2004 to construct their target curve, while a distinct minimum in obliquity amplitudes between 13.85 and 13.6 Ma is clearly present in our La2004-derived target curves and the onset of this minimum coincides with the major step in middle Miocene global cooling .
[34] Figure 9 shows the bulk carbonate isotope records of Ras il Pellegrin in a global perspective by comparing our records with those of DSDP site 588A (southwest Pacific [Flower and Kennett, 1993] ) and ODP site 747 (Kerguelen Plateau [Wright and Miller, 1992] ). The chronology of these open ocean records is rescaled using ATNTS2004 ages [Lourens et al., 2004] for identifiable polarity reversals. The timing and structure of the geographically distant isotope records reveal marked similarities across the middle Miocene climate transition, despite the fact that the isotope signal of the Ras il Pellegrin section is measured on bulk carbonate while the two open ocean isotope records are based on species of the benthic foraminiferal genus Cibicidoides. This strongly suggests a global control on isotope records across the middle Miocene climate transition, although the clear stepwise character of the interval before the major transition seems to be recorded differently at various sites in different ocean basins [e.g., . At the moment, it is therefore premature to connect the isotope excursion at $14.2 Ma (Mi3a) to the distinct minimum in the EOA curve of the same age. Independent astronomical age control on different records around the world is needed to substantiate this potential linkage.
[35] The next 1.2-Myr minimum in obliquity amplitudes starts at $12.83 Ma, i.e., from bed VI.12 upward. However, identical minimal values in the EOA curve as during the middle Miocene global cooling are only reached around 12.6 to 12.5 Ma, so that an isotope enrichment event is expected to occur just above the RIP section of our study (see Figure 9 ). However, a recently published high-resolution and astronomical tuned isotope record from the SE Atlantic reveals a marked excursion to heavier values around 13.2 Ma, which is not recorded on Malta or in other published records of this interval [Westerhold et al., 2005] . Again, this clearly indicates that additional high-resolution and well-tuned benthic isotope records are required to depict Antarctic and Arctic ice growth events.
[36] Finally, the Ras il Pellegrin section is an excellent candidate to define the Serravallian GSSP. The critical interval is continuous, is well exposed, and yields a good magnetic signal, a well-preserved record of microfossils, and bulk sediment stable isotope records framed within an astronomical calibrated age model. The level most suitable for defining the Serravallian GSSP is the middle Miocene global cooling step (Mi-3b). Indeed, this level corresponds with the lithological transition from the Globigerina Limestone to the Blue Clay Formations but field and biostratigraphical data indicate that the succession is continuous across this boundary. This proposed level is only slightly older than the Sphenolithus heteromorphus LCO, that at present serves as a guiding criterion for the LanghianSerravallian boundary [Lourens et al., 2004] , but that is demonstrably diachronous between the Mediterranean (at 13.654 Ma (this study)) and the equatorial Atlantic (at 13.523 Ma [Backman and Raffi, 1997] ).
Conclusions
[37] The major step in middle Miocene climate cooling, characterized by a global shift to heavier d 18 O and d 13 C values (Mi3b and CM6, respectively), occurred at 13.82 ± 0.03 Ma and coincides with the beginning of a period of minimum amplitude variations in obliquity related to the 1.2-Myr and 172-kyr cycles, and with prominent minima in the 100-and 400-kyr eccentricity cycles. This peculiar orbital configuration is similar to that found for other prominent cooling events in the Oligocene and Miocene and is particularly evident in a new astronomical target curve (EOA) that combines the amplitude modulators of precession and obliquity. In particular, the coincidence of minima in the amplitude modulation of precession and obliquity seems imperative to punctuate global climate on a million year timescale or even to invoke irreversible global climate changes. In the middle Miocene this remarkable orbital configuration may thus have triggered the climate cooling step by crossing a certain threshold and/or determined the exact moment of the cooling step that occurred superimposed on a longer-term cooling trend. The compilation and comparison of high-resolution, astronomically tuned proxy records over the middle Miocene climate transition is necessary to further unravel the causes and consequences of this major cooling step.
[38] In addition to a better understanding of the middle Miocene cooling, the Ras il Pellegrin section on Malta has proven to be of importance for two other aspects as well.
The first aspect is the good magnetic signal by which the Astronomical Polarity Time Scale (APTS) is extended down to the top of the C5ACn chron, showing discrepancies of less than 120 kyr with existing CK95 and ATNTS2004 timescales. The second aspect is that the Ras il Pellegrin section is suitable for defining the Serravallian GSSP, linking this stage boundary to a well-defined and globally synchronous oxygen and carbon isotope event. 
